Abstract: Increasingly stricter phosphorus discharge limits represent a significant challenge for the wastewater industry. Hybrid media comprising anionic exchange resins with dispersions of hydrated ferric oxide nanoparticles have been shown to selectively remove phosphorus from wastewaters, and display greater capacity and operational capability than both conventional treatment techniques and other ferric based adsorbent materials. Spectrographic analyses of the internal surfaces of a hybrid media during kinetic experiments show that the adsorption of phosphorus is very rapid, utilising 54 % of the total capacity of the media within the first 15 minutes and 95 % within the first 60 minutes. These analyses demonstrate the importance of intraparticle diffusion on the overall rate in relation to the penetration of phosphorus. Operational capacity is a function of the target effluent phosphorus concentration and for 0.1 mg.P.L -1 , this is 0.29 -0.51 mg.P.gmedia -1 , which is 8 -13 % of the exhaustive capacity.
Quantifying the performance of a hybrid anion exchanger/adsorbent for phosphorus removal using mass spectrometry coupled with batch kinetic trials Abstract: Increasingly stricter phosphorus discharge limits represent a significant challenge for the wastewater industry. Hybrid media comprising anionic exchange resins with dispersions of hydrated ferric oxide nanoparticles have been shown to selectively remove phosphorus from wastewaters, and display greater capacity and operational capability than both conventional treatment techniques and other ferric based adsorbent materials. Spectrographic analyses of the internal surfaces of a hybrid media during kinetic experiments show that the adsorption of phosphorus is very rapid, utilising 54 % of the total capacity of the media within the first 15 minutes and 95 % within the first 60 minutes. These analyses demonstrate the importance of intraparticle diffusion on the overall rate in relation to the penetration of phosphorus. Operational capacity is a function of the target effluent phosphorus concentration and for 0.1 mg.P.L -1 , this is 0.29 -0.51 mg.P.gmedia -1 , which is 8 -13 % of the exhaustive capacity.
The adsorbed phosphorus can be selectively recovered, offering a potential route to recycle this important nutrient. The main implication of the work is that the ferric nanoparticle adsorbent can provide a highly effective means of achieving a final effluent phosphorus concentration of 0.1 mg.P.L -1 , even when treating sewage effluent
Introduction
Current European discharge consents for phosphorus from sewage treatment vary between no standard for small works, to 1 -2 mg.P.L -1 depending on the size of the plant and/or the ecological sensitivity of the discharge catchment. Adoption of either chemical precipitation [1] and/or enhanced biological reactions [2] enables resilient compliance to such standards. However, it is expected that future discharge consents will be based upon the background level of phosphorus in rivers, reported to be around 0.1 mg.P.L -1 [3] , and in sensitive catchments, as low as 0.01 mg.P.L -1 [4] . Processes based on biological P removal are not capable of consistently achieving such tight discharge consents [5] , and whilst possible with chemical precipitation, the dose requirements become economically unsustainable for effluent standards below 0.5 mg.P.L -1 [6] . Whichever treatment route is utilised, phosphorus is currently removed by converting the dissolved ion into a solid fraction as either inorganic precipitate (coagulation), microbial biomass (biological processes) or plant biomass (extensive systems). Notably, these approaches do not aid direct phosphorus recovery, although sludge fertilisation or struvite production from sludge liquors [7] enables reuse to a degree. Alternative approaches such as contact sorption processes are now being considered, since they can achieve low discharge levels, are mechanically robust, and are able to accommodate shock loads. In addition, some sorption materials offer the added benefit of direct recovery of phosphate as a by-product of the regeneration process. As well as protecting the environment, the use of these materials opens a direct route to nutrient recycling, which provides a revenue stream that can offset some of the capital cost of installing new adsorbent processes [8] . Whilst phosphorus recovery from dilute wastewater is not currently practiced, the potential is relatively large, with some reports suggesting that a substantial proportion of future phosphorus fertiliser demand could be met through recovery from wastewater [9, 10] .
Recently, nanoparticle based adsorbent materials that use ion exchange beads as a support have been developed that provide both mechanical robustness and selectivity towards phosphorus [11] [12] [13] [14] . Additionally, the materials can be reused for many service cycles using an alkaline regenerant, which deprotonates the hydrated ferric oxide particles, causing an electrostatic repulsion of phosphate back into solution [13] . The application of such systems is documented for arsenic removal from drinking water [15] and trace phosphorus removal [12] .
The current paper builds on recent studies that have proven the effectiveness of iron nanoparticle based contact media in removing phosphorus in a variety of lab based [11] [12] [13] 16] and small pilot trials [17] . Overall, the majority of the studies have focussed on comparison of different media [13] and the impact of wastewater characteristics [17] with relatively little attention directed towards design issues such as the impact of loading rate and regeneration optimisation. Additionally, previous work has not separately quantified the individual components of such hybrid systems (i.e., their supporting anionic exchange resin, or their dispersion of iron nanoparticles) in terms of their ability to remove phosphorus. The current study addresses these knowledge gaps by focusing on the potential of the media to treat the entire phosphorus load entering a wastewater treatment plant, reducing a feed strength of 4. (with a copper nanoparticle embedded resin) [11] .
Experimental

Ferric nanoparticle adsorbent
The adsorbent media, Layne RT (SolmeteX Co., Massachusetts), is a commercially available media, principally used for arsenic removal. The media comprises a strong base gel-type anion exchange resin with a quaternary ammonium functional group.
Approximately 26 % of the external and internal surfaces of the material are covered with iron in hydrated ferric oxide form. The base resin has a capacity of 1 meq.mL -1 (in the chloride form). The media was initially pre-conditioned by fluidisation in deionised water for 30 minutes to remove any remaining iron fines from the manufacturing process.
Characterisation of media properties
The media was size graded by dry sieving through a series of 10" stainless steel sieves with mesh sizes ranging between 0.18 mm and 1.18 mm. To fully characterise the performance of the media, it was first un-hybridised by passing 12 M HCl through a fixed bed of Layne RT , which resulted in dissolution of the iron nanoparticles and their subsequent removal from the media. This left the base ion exchange resin, which was split into two sub samples and put into the chloride and sulphate form respectively using strong solutions of each as a regeneration step. The distribution of key elements within the media in its native and adapted forms (iron, chloride, sulphur, phosphorus) were measured using an FEI XL30 environmental scanning electron microscope (FEI UK Ltd, Cambridge, United Kingdom) in low-vac mode, and then subjected to elemental spectroscopic analysis using an Oxford Instruments EDX with INCA software (Oxford Instruments, Abingdon, Oxfordshire, United Kingdom). Prior to analysis, the beads were frozen in liquid nitrogen and cut into cross sections to enable imaging of the internal surfaces. Target points for spectroscopy were measured firstly at an area 15 µm from the outer surface of the beads, and then across the diameter of each bead at intervals of 50 μm ( Figure 1 ).
Kinetic studies and modelling
Batch kinetic studies used 250 mL Erlenmeyer flasks into which 4 g.L -1 of media was placed, with 100 mL of either sewage effluent collected from a small trickling filter Intra-particle:
Where qt (mg.P.gmedia -1 ) is the solid phase concentration at time t, F is the fractional attainment of equilibrium and k is the rate constant defined in terms of a diffusion model (kFD) (min -1 ) or an intraparticle model (kIP) (mg.g -1 .min -0.5 ). Both models are plotted in linear form with the appropriateness of the respective models assessed through analysis of the linear regression constant [20] .
Further analysis was conducted with respect to mass transfer where both the film diffusion coefficient, kf (cm.s -1 ), and the intraparticle diffusion coefficient, D (cm 2 .s -1 ),
were calculated according to the following expressions [18, 21] :
Where Qt and Qe are the adsorbed amounts at time t and at equilibrium (mg.P.gmedia 
Column trials
Fixed bed trials using 15 mm diameter, 200 mm long columns fed with final effluent from a small scale trickling filter works were used to generate saturation curves. Equal volumes of the adsorbent media (10 mL) were used in each case, with adjustments to empty bed contact time of 1, 4, 10, and 20 minutes controlled with peristaltic pumps.
Trials were run until 1000 bed volumes had passed through each column.
Regeneration
Regeneration was undertaken with 40 mL of media that had previously been saturated with phosphorus. Solutions containing 2 % NaOH or 5 % NaCl were passed through the columns using peristaltic pumps at an empty bed contact time of 4 minutes. Each bed volume of regenerant leaving the columns was analysed using Spectroquant Cell tests (Merck Millipore, UK) for phosphate (analogous to EPA 365 2+3, APHA 4500-P E, and DIN ISO 6878), nitrate (analogous to DIN 38405-9) and sulphate (analogous to EPA 375.4, APHA 4500-SO4 2- E, and ASTN D516-11) concentrations.
Results
Media properties
The size of the carrier bead varied between 0.18 and 1.0 mm with a median size of 0.69 mm and a uniformity coefficient of 1.37, consistent with commonly available ion exchange resins. The acid treated media with the iron removed was split into two samples, with half put into the chloride form and half put into the sulphate form. (Most ion exchangers are supplied in the chloride form, but Layne RT is supplied in the sulphate form.) This was done to quantify the performance of the media as an ion exchange resin in both forms, and later as a hybrid material with the addition of iron hydroxide nanoparticles. Spectrographic analysis of the chloride and sulphide form subsamples' surfaces revealed that 10.4 % and 6.13 % of the internal surfaces of the media was comprised of chlorine and sulphur by mass respectively, with a variance of distribution between the outer surfaces and core of the beads of less than 1.5 % for each element.
Expressing these amounts in terms of their charge characteristics is more useful for the present study and yields 369 eq v of Cl and 393 eq v S. Whilst the mass of sulphur is lower on the base resin in comparison to chlorine, the overall charge imparted is very similar to the chloride, as a result of sulphate's higher ionic strength. Consequently, there is only a variance of~6 % in terms of charge on the two subsamples. The inclusion of the iron nanoparticles into the ion exchange carrier increases the specific gravity of the bead to 1.6, which compares to typical levels for ion exchange media of 1.05 -1.15. Nanoparticle inclusion was found to be evenly spread throughout the beads with analysis of the distribution of iron as a percentage of the total surface mass indicating that the distribution of iron ranged from 24 % at the bead edge to 28 % at 220 µm from the edge, the approximate centre of the bead. This complements previous analysis that has indicated that the inclusion of nanoparticles within the ion exchange resins restricts the apparent pore diameter by 30 % whilst increasing contact area by 7 % [13] .
Adsorption kinetics
The chloride form subsample was exposed to a synthetic wastewater solution containing Sulphur and phosphorus levels were also measured at the same locations within the beads. In the case of sulphur, rapid uptake over the first ten minutes saw levels rise from 0 % to 1.8 % in the outer surfaces, and 2.3 % in the inner surfaces. There is a pronounced gap between the uptake efficiency of the outer and inner surfaces, with areas deeper than 65 µm observed to hold an additional 0.2 % to 1 % sulphur by mass over the course of the experiment (Figure 3 ).
Phosphorus uptake onto the resin was much lower in comparison, rising from 0 to 0.09 % of surface coverage after ten minutes for the outer surfaces, and between 0.09 % and 0.12 % for the deeper surfaces. However, the rate of uptake is similar to that of sulphur, with final levels after 60 minutes only slightly higher than those after ten, at 0.11 % and around 0.13 % for the outer and inner surfaces respectively ( Figure 4 ). As with conventional ion exchange systems, sulphate out-competes phosphate, since sulphate is present at much higher concentrations in typical municipal wastewaters. It is therefore the sulphate that displaces the majority of the chloride, in comparison to that displaced by phosphate.
The base media of the Layne RT hybrid ion exchanger is sold in the sulphate form as a result of its patented production process. Removing the iron nanoparticles and putting the base resin back into the sulphate form allows the separation of the hybrid components, and an assessment to be made about each in terms of phosphorus removal.
Phosphorus uptake from the base resin in sulphate form is minimal -achieving at best 0.04 % coverage of the internal surfaces after one hour of exposure to the synthetic solution ( Figure 5 ). In terms of capacity, this form of the media is only able to achieve 0.4 mg.P.gmedia -1 at these environmentally relevant conditions. .L -1 ) revealed that the adsorption of phosphorus using the Layne RT media was very rapid such that 54 % of the total capacity was utilised within the first 15 minutes and 95 % within the first 60 minutes ( Figure 6 ).
No significant difference was observed in P removal between the real and synthetic solutions (using an ANOVA F-test, which returned a p value < 0.05),
indicating that other competing ions or solid components in wastewater do not influence the overall uptake rate of phosphorus. In comparison, a previous study reported that 67 % of the capacity was reached within the first 10 minutes using iron oxide tailings [22] , faster than in the current case, probably due to the smaller particle diameter of 68.6 µm for the tailings in comparison to the present study's 0.69 mm bead diameter. Analysis of the kinetic data, in both studies, fit to a three stage model whereby mass transfer initially occurs across the boundary layer surrounding a particle, followed by surface adsorption and then diffusion into the internal structure of the material [23] . Further analysis with respect to rate controlling mechanisms suggests that intraparticle diffusion controls only marginally over film diffusion as the rate limiting step (Equations 1 and 2), with R 2 fit values of 0.98 and 0.84 respectively. This contrasts with commonly used adsorbents such as activated carbon where intraparticle diffusion is reported to dominate as the rate controlling mechanism [24] .
Kinetic analysis at different positions within the bead demonstrates the importance of intraparticle diffusion on the overall rate in relation to the penetration of phosphorus. Critically, phosphorus coverage within the inner sections of the bead was observed to lag behind those at the surface indicating the switch over of mechanism ( Figure 7 ).
To illustrate, phosphorus coverage increased from 0.14 % after 10 minutes to 0.26 % after 60 minutes in a layer extending from the surface to 115 µm into the bead.
In both film and intraparticle diffusion are important, but with an emphasis on the latter [25] .
Column experiments
Using real wastewater and the complete form of the Layne RT media, alteration of the empty bed contact time (EBCT) between 1 and 20 minutes caused a significant change in the shape of the breakthrough curve, with the mass transfer zone being more sharply defined as the EBCT increased ( Figure 9 ).
To illustrate, at an EBCT of 1 minute, immediate leakage of phosphorus is observed with an effluent quality of 0. 
Regeneration
Regeneration of hybrid adsorbent/ion exchange media typically involves combinations of NaCl and NaOH at concentrations between 2 % and 5 % passed through a fixed bed of the media for 10 bed volumes [12] . Comparison of the efficacy of each component revealed that the majority of desorption occurs within the initial bed volumes such that 65 % and 88 % of the total P desorbed by each solution was eluted by the end of the first bed volume for the 5 % NaCl and 2 % NaOH solutions respectively ( Figure 11 ).
Further desorption ceased within two bed volumes with the NaCl solution but continued with the NaOH solution such that no elution of phosphate was recorded after 5 bed volumes. 3457 mg.P.L -1 was desorbed using NaOH, and 251 mg.P.L -1 using NaCl. The phosphate desorbed with the NaCl regeneration is consistent with the level expected to be taken up by the media via ion exchange, of around 10 % of the total [8] .
The NaCl acts mainly on the ion exchange resin, disrupting the electrostatic interaction holding the phosphate ion as an outer sphere complex [13] . In contrast, the phosphate bound to the ferric nanoparticles is held in an inner sphere complex, the reversal of which requires the ferric to be deprotonated, generating a negatively charged surface that repels the bound phosphate. As a consequence, regeneration with NaOH only acts on the nanoparticles, leaving the ionic material bound to the resin in place. Whilst this reduces capacity by around 10 % on reusing the media (as some phosphate will also remain on the ion exchange sites), it does have the advantage of generating a purer .L -1 , and 1600 mg.Al.L -1 [21] .
Discussion
The key observation from this study is that the ferric component within the hybrid anion exchange material works as a highly selective phosphorus adsorbent, responsible for removing 90 % of the total phosphorus attributed to the media as a whole. The role of the base ion exchange material is mostly as a supporting structure for the immobilisation and stabilisation of the ferric nanoparticles, and actually exhibits little functional benefit to the removal of phosphorus. This means that the media can be considered a mono component system in the main, since the only ion to be removed from wastewater by adsorption onto the ferric nanoparticles is phosphate. An additional benefit of this is that the phosphorus can also be selectively recovered from the media during regeneration of the ferric adsorbent sites. In terms of rate kinetics, the media's uptake of phosphate is only marginally limited by intraparticle diffusion in comparison to film diffusion. This shows that whilst unbound nanoparticles of ferric are theoretically able to adsorb more phosphorus, and at a faster rate than a bulk material, immobilising them in a bead such as the current media has little impact on uptake performance. This is likely to be a consequence of the high internal surface area of the supporting ion exchange bead material, with internal pore surfaces coated, but not clogged with nanoparticles.
Similarity between the kinetic behaviour established in the current study (with the media exhibiting a Biot number of 175), and other work is found with respect to arsenate and phosphate adsorption onto granular ferric hydroxide with Biot numbers of 182 and 102 respectively [26] . However, comparison with activated carbon reveals smaller Biot numbers (indicating that film diffusion is more important) for metals [27] and pesticides [28] with much larger Biot numbers (indicating that intraparticle diffusion is more important) for reactive dye uptake [18] . The differences are partially related to the molecular weight of the adsorbates as both kf and D decrease as molecular weight increases [29] . However, comparison across the studies shows the major difference is in terms of the intraparticle diffusion coefficient D with the current study returning a value of 1. [21] , indicating the relative ease of P uptake into the internal structure of the present media compared to other systems, as a result of the enhanced affinity imparted by the ferric nanoparticle component.
Considering the treatable volume before breakthrough for different final effluent discharge consents and EBCT, the greatest variation was observed at either low or high effluent breakthrough limits ( Figure 10 ). For instance, to achieve an effluent concentration of 0. Assessment of the operational suitability of these runtimes can be considered with reference to other contact processes typically encountered in water and wastewater treatment such as ion exchange and activated carbon media. In the case of the former, typical operating cycles of several hundred bed volumes are common as the media is regenerated on site [30] , whereas adsorption processes typically run for thousands of bed volumes between regeneration cycles. However, this reflects the fact that the regeneration of activated carbon has to be completed off site (because it requires reactivation using heat), and that dilute components are being adsorbed. Previous trials with the ferric nanoparticle resin in treating feed solutions of 0.63 mg.P.L -1 [7] , and 0.26 mg.P.L -1 [11] reported exhaustive bed life of 4000 and 16000 bed volumes respectively.
Consequently, the operating cycle of the ferric nanoparticle adsorbent reflects the load being treated but in all cases is similar to existing systems, which should enhance the ease of implementation. The operational capacity is also a function of the permitted effluent phosphorus concentration with compliance to 0.1 mg.P.L -1 , reducing the operating capacity to 0.29 -0.51 mg.P.gmedia -1 which is only 8 -13 % of the exhaustive capacity.
The application of this technology can range from polishing a treated stream to treatment of the full phosphorus load in a typical wastewater. However, previous economic assessments indicate that it is currently more expensive than traditional approaches when treating the full load [8] . Because of this, its likely application in the near future would be as a polishing process downstream of chemical and/or biological P removal stages, where extended bed life and reduced regeneration cost can be expected.
According to the current work, it is possible to further reduce the economic impact of the regeneration process [8] by reducing the associated chemical cost by using a maximum of four bed volumes of NaOH to regenerate the media at the end of each operational cycle.
Conclusion
The iron nanoparticle embedded resin offers a suitable means of phosphorus removal to : Use of 5% NaCl vs. 2% NaOH P desorption profiles
